Ligand-gated ion channels function as rapid signal transducers, converting chemical signals (in the form of neurotransmitters) into electrical signals in the postsynaptic neuron. This is achieved by the recognition of neurotransmitter at its specific-binding sites, which then triggers the opening of an ion channel ('gating'). For this to occur rapidly (<1 ms), there must be an efficient coupling between the agonist-binding site and the gate, located more than 30 Å (1 Å = 0.1 nm) away. Whereas a great deal of progress has been made in elucidating the structure and function of both the agonist-binding site and the ion permeation pathway in ligand-gated ion channels, our knowledge of the coupling mechanism between these domains has been limited. In this review, we summarize recent studies of the agonist-binding site and the ion channel in the γ -aminobutyric acid type A receptor, and discuss those structural elements that may mediate coupling between them. We will also consider some possible molecular mechanisms of receptor activation.
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Fast synaptic inhibition in the mammalian brain is mediated primarily via the activation of the anion-selective GABA A -R (γ -aminobutyric acid type A receptor) and glycine receptors [1] . GABA A -Rs and Gly-Rs are members of the Cys-loop LGIC (ligand-gated ion channel) superfamily, which also include the cation-selective nACh (nicotinic acetylcholine) and 5-HT 3 (5-hydroxytryptamine type 3) receptors. In all the members of this superfamily, evidence suggests that five individual receptor subunits are arranged in a pseudosymmetric fashion to form a pentameric assembly of approx. 250-300 kDa, which includes a central ionpermeable pore ( Figure 1B ) [2] . Numerous GABA A -R subunit isoforms have been identified by cDNA cloning (α [1] [2] [3] [4] [5] [6] , β 1-3 , γ 1-3 , ρ 1-3 , δ, ε, θ and π ); a variety of GABA A -R complexes exist in the brain, the most abundant native form comprising two α 1 , two β 2 and one γ 2 subunits [3] . Each individual receptor subunit (50-60 kDa) comprises a large N-terminal ECD (extracellular domain), a TMD (transmembrane domain) with four α-helical segments (M1-M4) and a large cytoplasmic domain ( Figure 1A ) [1] . The binding of agonist to the ligand-binding domain within the ECD triggers a conformational change, which results in the opening of the gate, far away in the TM region, permitting chloride and bicarbonate ions to flow through the channel. The mechanisms by which this occurs are currently the object of intense investigation.
The heterogeneous nature and low abundance (pmol/mg of protein) of the GABA A -R, combined with the difficulties of isolating and purifying integral membrane proteins, have precluded direct structural investigation. Many useful but indirect methods have been used to investigate receptor structure and function, including site-directed mutagenesis, chemical modification [4] and molecular modelling [5, 6] . In this regard, the availability of a 2.2 Å (0.22 nm) crystal structure of AChBP (acetylcholine-binding protein) [7] , a protein homologous with the ECD of the LGICs, and of the 4 Å resolution cryo-electron microscopy images of the Torpedo nAChR [8] have provided incalculable assistance in the investigation of receptor structure and function. Using the structure of the AChBP as a template, we have created a homology model of the GABA A -R ECD [6] and merged it with a model of the TMD to create a receptor model that is complete with the exception of the cytoplasmic domain ( Figure 1C) . The resulting partial model of the GABA A -R will serve to illustrate our discussion of receptor structure and function. We will locate and identify all residues and secondary structures throughout this paper according to the terminology introduced by Brejc et al. [7] , on the basis of the X-ray structure of the AChBP. (An earlier nomenclature describes residues as being in loops B, C, D, F etc.; Table 1 lists the assignments of each residue according to both old and new nomenclature systems.)
GABA-binding sites
Initial experiments with expression of recombinant GABA A -R in Xenopus oocytes showed that both α and β subunits (but not γ subunits) were obligatory for receptor activation by GABA [1] . Subsequent work showed that inclusion of γ subunits in the receptor conferred the single-channel conductance properties and benzodiazepine sensitivity of the native receptor, but had little influence on agonist activation [9] . Site-directed mutagenesis and photoaffinity labelling studies identified a residue in the α subunit, F65, as a critical 
determinant of GABA binding [10, 11] . Amin and Weiss [12] subsequently demonstrated that two specific tyrosine residues, Y157 and Y205 in the GABA A -R β subunit, were also involved in GABA binding. It appears that the GABA A -R has two similar, if not identical, binding sites located at an interfacial region between α and β subunits ( Figure 2A ). Studies in the nAChR had already raised the possibility that two ACh binding sites exist at the interfaces between α and γ , and α and δ subunits (reviewed in [13] ). The SCAM (substituted cysteine accessibility modification) method allows for the examination of the local environment of a specific amino acid residue in the presence or absence of agonist and thus enables some investigation of protein dynamics [14] . By using this method, residues F65, R67 and S69 in the α 1 subunit were proposed to be present at the GABA binding site, in a structure consistent with a β-sheet [14] . A homology model of the GABA A -R based on AChBP subsequently revealed these residues to be part of β-strand 2 in the α subunit [5, 6] . Similar experiments identified T202, S204, Y205, R207 and S209 in the GABA A -R β 2 subunit as critical for both the agonist and antagonist binding [15] . Homology models show these residues to be located in loop 10 and β-strand 10 of the GABA A -R β 2 subunit. Further critical determinants of agonist binding have been identified within the α subunit (R176, V178, V180 and D183 in loop 9) [16] and β subunit (Y97 and L99 in loop 5) [17] . These results are summarized in a diagram of the GABA binding site ( Figure 2A) . A closer examination of the agonist-binding site in our molecular model illustrates the proximity of these residues and domains ( Figure 2C ), and provides complementary evidence strongly supporting the experimental work of Czajkowski and co-workers [17] .
TMD
Secondary structure
There has been considerable controversy over the structure of the TM segments of the GABA A -R, and all the members of the LGIC superfamily [18, 19] . Low-resolution cryoelectron microscopy images of the nAChR in Torpedo were interpreted as consistent with the M2 segment being an α-helix [20] . The secondary structure of the M1, M3 and M4 segments has been highly controversial. In fact, several pieces of evidence had accumulated in support of these segments being α-helical. In the nAChR, utilizing the SCAM approach with a water-soluble probe, the Nterminal (extracellular) third of the M1 domain was labelled in an irregular manner, whereas no labelling was seen in the more cytoplasmic portion [21] . A complementary study that utilized a hydrophobic probe showed labelling consistent with either a β-sheet or α-helix [22] . SCAM studies suggested that not only M2 but also M3 segments of the GABA A -R α subunit were α-helical [23, 24] . The M4 segment of the nAChR and GABA A -R α 1 subunits were predicted to have an α-helical arrangement based on the results obtained from tryptophan scanning mutagenesis [22, 61] . A study of the TMD of nAChR with IR absorption and CD concluded that the domain was largely α-helical [25] . This controversy appears to have been put to rest by the most recent high-resolution electron microscopic images of the Torpedo nAChR TM region, which shows that the TMD of each subunit consists of a bundle of four α-helices [8] .
In the study of M3 residue accessibility, there was evidence for a water-filled crevice that extended into the TM region of the GABA A -R [24] . Several studies of anaesthetic action using site-directed mutagenesis had also inferred the existence of a cavity located between TM segments [26] . This proposal was corroborated by the high-resolution structure of the Torpedo nAChR, in which there is clearly a water-accessible cavity between M2 and the other α-helices in each of the subunits [8] . The functional significance of this hydrated region is yet to be determined, but residues within this region in the GABA A -R become more readily accessible when the receptor is activated by GABA [24] , and this is consistent with local conformational changes in this region during gating.
The permeation pathway
The structural basis of ion permeation and selectivity has been the subject of intense investigation. The permeation pathway of the GABA A -R has been studied using SCAM [23, 27, 28] . Residues that are believed to line the pore are shown in Figure 2 (B). Inspection of the sequence of the M2 segments of the various GABA A R subunits reveals a high degree of sequence identity, including the presence of several highly or absolutely conserved hydrophilic residues. For example, the threonine residues at positions 7 , 10 and 13 are present in all of the GABA A -R subunits, whereas other positions may feature either a serine or threonine ( Figure 2B ). The −OH groups on the side chains of these residues presumably interact with the water molecules forming the hydration shell surrounding the chloride anions. This would provide energetic stabilization for anions as they enter the pore domain, as occurs in K + channels [29] . This mechanism can apply equally to positively and negatively charged ions; a similar hydrophilic sequence (TMTT) is common to many K + channels. In the latter case, the threonine residues comprise the walls of a large water-filled cavity in the centre of the channel, deep within the membrane interior [30] . Therefore it is unlikely that this hydrophilic region of M2 is involved in selectivity in the GABA A -R, but it probably enhances channel conductance.
The selectivity filter
Bormann et al. [31] first examined the structural basis of ion selectivity in GABA A and glycine receptors of mouse spinal neurons. By comparing the permeability of a range of inorganic and organic anions, the authors suggested that the narrowest portion of the pore, 'the selectivity filter', was 5.6 Å wide [31] . These findings were later confirmed by similar studies in recombinant receptors [32] . A number of conserved positively charged residues (arginine and lysine) are clustered around the extracellular end of the M1 and M2 segments. It has been suggested that these play a role in charge selectivity by concentrating negative ions within the channel vestibule. In fact, there is little evidence to support this. Using a cationic thiol-specific reagent to react with engineered cysteine residues, Xu and Akabas [23] showed that the location of the selectivity filter must be at least two-thirds of the way down the M2 helix. Cationic reagents are able to react with residues above this level, indicating a lack of barriers to cation permeation. Recently, Jensen et al. [33] used site-directed mutagenesis to demonstrate that the M1-M2 loop of the β subunit plays a dominant role in determining the ion selectivity of the GABA A -R, suggesting that the selectivity filter is structurally asymmetric.
The gates
A particularly challenging puzzle has been the physical nature of the resting and desensitized channel gates, those physical obstructions that serve to prevent ion flow through the permeation pathway when the channel is in its resting state, or has become desensitized in the continued presence of an agonist. In some ion channels, the gate and the selectivity filter appear to be one and the same structure, e.g. the ClC chloride channel [34] . However, for K + -selective ion channels, it is clear that the gate and selectivity filter are distinct structures, located several angstroms apart [30] .
Unwin has proposed that the resting gate in the nAChR is formed by the symmetrical contribution of the five 9 leucine residues that are located at the centre of M2 [8, 20] , and incorporation of serine residues at these positions in the nAChR or GABA A -R certainly facilitates gating by agonist [35, 36] . However, an elegant series of SCAM experiments localized both the resting gate and the selectivity filter of the nAChR to the M1-M2 intracellular loop [37, 66, 67] . In the GABA A -R, a SCAM study of M2 in the α subunit suggested that the top of the channel gate is located closer to V257 (2 ) [23] , which would be roughly two helical turns more cytoplasmic than the 9 leucine. This conclusion is supported by a study of non-competitive antagonism of sites within the nAChR pore using substituted adamantane derivatives [38] . These large molecules protected sites below the 9 position. In addition, photolabelling of sites within the nAChR pore by chlorpromazine is consistent with penetration to the 6 position [39] . All of these careful observations seem to be at odds with the interpretation of the most recent structural results [8] , and no obvious resolution of these differences is currently available.
The physical nature of the desensitized gate in the GABA A -R is unknown, although it is probably distinct from the resting gate [40] . A persuasive line of argument to this effect is provided by the GABA C -R (a close cousin of the GABA A -R), which comprises only ρ subunits [3] . Despite extensive sequence similarity, especially within the M2 segment, receptors consisting only of ρ subunits show no desensitization. The asymmetric nature of the selectivity filter raises the possibility that the resting gate and the desensitization gate may also result from an asymmetrical 'collapse' or constriction of the pore region, as seen in the selectivity filter of the KcsA K + channel in a low concentration of K + ions [41] . This becomes more probable when one considers that rates of desensitization in the GABA A -R are strikingly subunit-dependent, with the most rapid phase being abolished by the inclusion of the δ subunit [42] . Future studies of gating will certainly have to incorporate the possibility of asymmetry in the contribution from the subunits, in the face of an accumulating body of experimental data.
Regions involved in coupling agonist binding with gating
A complete understanding of GABA A -R function not only requires knowledge of the GABA-binding site and the ion permeation pathway, but also of the mechanisms that are responsible for the coupling between these distant regions. A 'pin-into-socket' mechanism has been proposed for the coupling of the ECD with the TMD in the nAChR based on the 4 Å structure of Miyazawa et al. [8] . In this proposal, a single valine residue in the ECD forms the only contact with the TMD, and serves as a pivot, enabling a rotation of the ECD induced by agonist binding to be transmitted to the M2 segments. The ensuing rotation in M2, in turn, allows the pore to expand at its narrowest point. An alternative hypothesis suggests that conformational change initiated at the agonist-binding site is communicated to the TMD through a series of local movements, rather than by the rotation of an entire subunit. This latter idea has become known as the 'conformational wave' mechanism [43] .
Let us briefly consider these two quite different hypotheses in a simple-minded way. The 'pin-into-socket' mechanism would require movements of a large fraction of the ECD of an entire subunit. Although electron microscopy evidence supports a rotation of the α subunit of the nAChR of Torpedo, the images on which this is based are only of 4.6 Å resolution [44] . In fact, there is little functional data to support the movement of such a large part of the protein. Indeed, one wonders whether this process would be either energetically feasible (since it would presumably involve the disruption of highly favoured assembly interactions between subunits) or kinetically appropriate (the channel opening step occurs faster than it can be measured reliably, probably on a millisecond timescale).
The pin-into-socket mechanism would also predict that a few residues adjacent to the binding site and on either side of the pivot mechanism should be critical for the mechanical process of gating, but that residues elsewhere in the ECD and TMDs would be relatively unimportant. This is an interesting prediction that can readily be tested experimentally. If this proposal were to hold true, then mutation at the pivot point would be expected to have catastrophic functional consequences, in effect uncoupling the ED and TMD completely, whereas mutations elsewhere in the protein would have little effect on gating. In fact, experimental evidence suggests that critical domains involved in the process of receptor activation are scattered throughout both the ECD and TMDs of the nAChR and GABA A -R. We will discuss several of these important 'coupling domains' next.
Coupling regions: the M2-3 linker
The M2-3 linker, a short extracellular loop that connects M2 and M3 was first implicated in receptor activation as a consequence of studies in the glycine receptor [45] . In human sufferers of hereditary hyperekplexia, an inherited mutation was mapped to the gene GLYRA1, which encodes the glycine receptor. The original families carried a mis-sense mutation that converted R271 into glutamine [45] . Other hyperekplexia mutation families harboured mutations in other residues of the M2-3 linker. Analysis of the mutant receptors revealed a defect in the glycine receptor function, which was ascribed to the coupling mechanism, since the mutation decreased agonist efficacy but not the binding affinity of antagonists [46, 47] . This is a hallmark of a mutation that interferes with receptor gating [48] .
An alanine scan in the GABA A -R α 2 subunit showed that mutation at several highly conserved residues, notably R269, L277 and K279, were deleterious to receptor function [49] . These mutations not only decreased sensitivity to GABA, but also reduced the relative efficacy of the partial agonist piperidine-4-sulphonic acid. An investigation in the β 2 subunit produced similar results, although the mutant β 2 L272A, which is homologous with α 1 L277A, had no effect on receptor function [50, 53] .
Coupling regions: loops 2 and 7
In the AChBP structure of Brejc et al. [7] , the position of Loops 2 and 7 at the bottom of the structure suggested the close proximity of these loops in the ECD to the TMD in the LGIC subunit, and it was proposed that these loops might be involved in 'intra-molecular' signal transduction between ECD and TMD in the nAChR [52] . A series of experiments focusing on the charged residues in these loops (especially a conserved aspartate residue) support such a role for loops 2 and 7 in receptor activation, in both the α 1 and β 2 GABA A -R subunits [51, 53] and in the α 1 glycine receptor subunit [54, 55] . Charge exchange double mutants support an interaction between Loops 2 and 7 and the M2-3L in the GABA A -Rα 1 subunit, while disulphide trapping experiments support the proximity of these regions in both the GABA A -R α 1 and β 2 subunits [51, 53] . Complementary evidence supports the proposal that these loops are in close proximity. A recent study in the nAChR suggested that the environment of loop 7 becomes significantly more hydrophobic during receptor activation [56] , consistent with its approach towards the TMD.
It has been proposed that a single residue in loop 2 of the Torpedo nAChR is critical for coupling of agonist binding with channel gating [8] . When residues aligned with this position are mutated to alanine and phenylalanine in the α 1 or in the β 2 GABA A -R subunit, there is no alteration of receptor function, as assessed in terms of GABA sensitivity and partial agonist efficacy (T. Kash and N. Harrison, unpublished work). A more extensive analysis of this hypothesis is clearly necessary.
Coupling regions: the preM1 segment (β10)
Another region of the LGIC subunits implicated in this coupling process is a cluster of basic residues located in β-strand 10 (preM1), proximal to the M1 segment. Mutations in this region are associated with defects in receptor function in the 5-HT 3 receptor [57] and the GABA A -R. Several of these residues in the β 2 and α 1 subunits appear to be important for optimal coupling. Experiments with chargeexchange double mutants suggest that there are important intramolecular interactions between basic residues in β-10 and acidic residues located in loops 2 and 7, in both the β 2 and α 1 subunits (T. Kash and N. Harrison, unpublished work).
Structural changes during receptor activation
In the absence of high-resolution structures of the GABA A -R in the closed and open states, one must be cautious in discussing the molecular movements that occur during gating. Nevertheless, some simple predictions can be made, and there are strong experimental results that seem to be consistent with certain mechanical changes in the receptor. First, both theory and experiment support the idea that occupation of the agonist-binding site induces a local conformational change ('the induced-fit' model, originally proposed by MonodWyman-Changeux). Secondly, we know that the channel can open and close very rapidly and reversibly (although agonist binding probably occurs more slowly); this means that the gating mechanism itself must be simple. In ion channels that have been studied at the structural level, this involves simple tilting or rotation of the central structural elements. Thirdly, we know that the free energy difference between the open and closed states is extremely modest. This would tend to suggest that any intermediate conformational rearrangements must involve interactions of low energy: e.g. simple hydrogen bonds or weak electrostatic interactions. The making and/or breaking of extensive arrays of hydrophobic interactions would be kinetically unsuited for this purpose.
So, what do the experimental results suggest? We can be fairly confident that the binding of agonist at the GABA A -R induces a constriction at the binding site [15] . This is consistent with an earlier proposal made by Jones et al. [58] , based on the observations of the efficiency of activation of the receptor by a series of agonists of different molecular dimensions. Such a constriction would presumably initiate movements in the ECD of α and β subunits, and disturb the structure of the neighbouring loop structures within each subunit. What happens next is poorly understood. The conformational wave hypothesis involves the propagation of There is evidence supporting the movement of several of the loops of the ECD in the GABA A -R. Loop 7 in the α subunit appears to approach the M2-3L [51] , whereas loops 2 and 7 in the β subunit move closer to β10 (preTM1 domain) [53] . A useful analogy to describe how these flexible loop interactions may work is provided by the Velcro material on an athletic shoe. A parallel array of weak interactions can form a stable bond between the strap and the shoe, which can nevertheless be opened or closed rapidly, similar to zipper. For the LGICs, an array of low-energy contacts, hydrogen bonds or electrostatic interactions, may play this role (see Figure 3) .
The final steps in channel opening may be less mysterious. If the TM α-helices behave as relatively rigid rods (as in rhodopsin, for example) and each subunit is packed as a left-twisted α-helical bundle [8] , then motion within the M2-3L could change the helical crossing angle and result in a significant structural change in M2 and the M1-M2 loop.
In fact, several experiments support this in the TMD of the GABA A -R: the space between the four α-helices increases during the transition to the open state [24] , and cross-linking studies suggest a rotation of M2 during receptor activation [59] . This would be consistent with an increase in the helical crossing angle, so as to open the top spacing of a four-pole 'teepee'.
In summary, a variety of experimental approaches suggest that the coupling between agonist binding and the channel gates in the GABA A -R involves distributed movements of, and interactions between, several distinct structural entities. One of the least well-studied, but most interesting aspect of GABA A -R function is the asymmetric nature of the receptor. The β GABA A -R subunit now appears to be critical not only for agonist recognition, but also for the selectivity of the channel between anions and cations, and for coupling between the ECD and the TMD. This suggests a unique role for the β GABA A -R subunit in receptor activation, akin to the role of the α subunit in the nAChR, which awaits further investigation.
